deficiency and decreased adiposity are associated with induction of thermogenic gene expression in subcutaneous white adipose and brown adipose tissue. Am J Physiol Endocrinol Metab 308: E159-E171, 2015. First published November 25, 2014; doi:10.1152/ajpendo.00056.2014.-The Rarrelated orphan receptor-␣ (Ror␣) is a nuclear receptor that regulates adiposity and is a potential regulator of energy homeostasis. We have demonstrated that the Ror␣-deficient staggerer (sg/sg) mice display a lean and obesity-resistant phenotype. Adaptive Ucp1-dependent thermogenesis in beige/brite and brown adipose tissue serves as a mechanism to increase energy expenditure and resist obesity. DEXA and MRI analysis demonstrated significantly decreased total fat mass and fat/lean mass tissue ratio in male chow-fed sg/sg mice relative to wt mice. In addition, we observed increased Ucp1 expression in brown adipose and subcutaneous white adipose tissue but not in visceral adipose tissue from Ror␣-deficient mice. Moreover, this was associated with significant increases in the expression of the mRNAs encoding the thermogenic genes (i.e., markers of brown and beige adipose) Ppar␣, Err␣, Dio2, Acot11/Bfit, Cpt1␤, and Cidea in the subcutaneous adipose in the sg/sg relative to WT mice. These changes in thermogenic gene expression involved the significantly increased expression of the (cell-fate controlling) histone-lysine N-methyltransferase 1 (Ehmt1), which stabilizes the Prdm16 transcriptional complex. Moreover, primary brown adipocytes from sg/sg mice displayed a higher metabolic rate, and further analysis was consistent with increased uncoupling. Finally, core body temperature analysis and infrared thermography demonstrated that the sg/sg mice maintained greater thermal control and cold tolerance relative to the WT littermates. We suggest that enhanced Ucp1 and thermogenic gene expression/activity may be an important contributor to the lean, obesityresistant phenotype in Ror␣-deficient mice.
OBESITY IS A METABOLIC DISEASE that affects more than 10% of the global population. Energy imbalance as a result of excess dietary energy intake or genetic susceptibility results in increased energy storage and adiposity. Current strategies to ameliorate this disease include increasing energy expenditure through physical exercise and reducing energy consumption. However, the success rate is limited by compliance and the genetic disposition to maintain energy balance.
Adaptive thermogenesis is an adrenergic/sympathetic-dependent mechanism utilized by mammals to increase energy expenditure in response to excessive dietary intake and/or cold stimulus. Thermogenesis occurs in both brown adipose tissue and beige fat [white adipose tissue cells that acquire a brown adipose phenotype (37, 41) ]. This process involves increased (fatty acid-dependent) expression and activity of the thermogenic mitochondrial uncoupling protein (Ucp1). The function of Ucp1 is to mediate uncoupling of the mitochondrial electron transport chain, dissipating energy that is derived from lipid oxidation to generate heat and increase energy expenditure in mice. This has the consequence of raising the core body temperature. In cold-acclimated rodents, norepinephrine stimulates glucose uptake in brown adipose (22) .
Serendipitously, the diagnostic use of PET/CT scanning of human patients has identified depots of active beige fat [and more recently, also of brown adipose (7, 15, 20) ] in sites in the neck and subclavicular area and along the spinal cord by enhanced uptake of the glucose analog [18F]deoxy-D-glucose at these sites (27) . The uptake of brown/beige fat in humans is also dependent on cold exposure and adiposity, thus implying that similar processes may be operating in humans to regulate energy expenditure (34, 35) .
Recently, it has been demonstrated that liver X receptor agonists and oxygenated sterols function as inverse agonists to the retinoic acid receptor-related orphan receptor-␣ (Ror␣) by inhibiting the activity of this constitutively active receptor. Staggerer (sg) is a natural mutation of the Ror␣ gene in mice. Sg/sg mice homozygous to this deletion are deficient in Ror␣ expression and present a similar phenotype to Ror␣-deficient mice (12) . Homozygous sg/sg mice have a lean and dyslipidemic phenotype. Several studies on Ror␣ (16, 19, 23, 32, 33, 39) have revealed a role for this nuclear receptor in fatty acid homeostasis. These mice display hypoalphalipoproteinemia, decreased serum triacylglycerol and HDL cholesterol, and vulnerability to atherosclerosis (23) . Furthermore, sg/sg mice display reduced adiposity, increased metabolic rate, improved insulin sensitivity, resistance to diet-induced obesity, and hepatic steatosis (17, 18) . However, studies utilizing either 3T3-L1 cells or sg/sg MEF cells have indicated a contrary role whereby attenuation of Ror␣ enhanced adipogenesis (11, 30) . Therefore, we investigated overall body composition and adi-posity [by dual-energy X-ray absorptiometry (DEXA) and MRI] and then analyzed adipose tissue samples [by quantative PCR (qPCR) and Western blotting], comparing sg/sg mice with their wild-type (WT) counterparts. We observed that sg/sg mice have increased Ucp1 (mRNA and protein) expression in both inguinal white adipose depots and interscapular brown adipose tissue (relative to WT littermate mice). Immunohistochemistry suggested that this increase in Ucp1 in white adipose involved the acquisition of beige/brite fat. Furthermore, gene expression analyses in inguinal adipose tissues revealed that sg/sg mice display increased expression of thermogenic genes in subcutaneous adipose tissue that are well-described markers of beige/brite adipose and known to be involved in brown adipose-dependent fatty acid oxidation and thermogenesis. Interestingly, the increased expression of the critical thermogenic genes in the subcutaneous white adipose is accompanied by increased expression of the mRNA encoding the euchromatic histone-lysine N-methyltransferase 1 (Ehmt1) that functions as a critical coregulator that stabilizes and modulates the activity of the PRDM16 transcriptional complex and controls adaptive thermogenesis. Finally, Ror␣-deficient sg/sg mice display increased thermal homeostasis and cold tolerance.
MATERIALS AND METHODS

Animals. Heterozygous sg/ϩ mice, B6.C3(Cg)-Rora
sg /J, were obtained from The Jackson laboratory (Bar Harbor, ME) and maintained by back-crossing to C57BL/6J. Feeding has been described previously (18) . Unless stated elsewhere, male WT and homozygous staggerer (sg/sg) mice were fed a normal or high-fat diet [(SF01-028) containing 22.6% fat from Specialty Feeds, Glen Forrest, Western Australia, Australia] for 14 wk and fasted for 6 h by transferring to a food-free holding cage with access to water. Animals were euthanized, and tissues collected were immediately frozen in liquid nitrogen. All animal procedures were approved by the University of Queensland Animal Ethics Committee.
RNA extraction, cDNA synthesis, and qPCR. Total RNA extraction, cDNA synthesis, and qPCR were performed as described previously (18, 19) . qPCR with customized TaqMan qPCR 96-well and TLDA array plates (Life Technologies; Applied Biosystems, Foster City, CA) was also performed according to the manufacturer's instructions. SYBR primers were synthesized and obtained from Geneworks (Hindmarsh, South Australia, Australia). Primers used are listed in Tables 1 and 2 .
Protein extraction and immunoblot analysis. Protein extraction from adipose tissue was modified from Ling et al. (21) . Interscapular brown and inguinal white adipose tissue were homogenized in 1 mM EDTA, 10 mM Tris, and 0.25 M sucrose (pH 7.5) with 1ϫ Complete protease inhibitor and 1ϫ PHOS-STOP (Roche Diagnostics, Mannheim, Germany). Infranatant and pellet were separated from the top layer of fat cake after centrifugation. Detergent was then added to a final concentration of 1% Triton X-100, 1% NP-40, and 0.1% SDS and incubated for 30 min. After centrifugation, the supernatant was then sheared eight times with an insulin syringe. Protein concentration was measured by BCA reagent (Thermoscientific; Pierce, Rockford, IL). Immunoblot analysis was performed as described previously (31) , except that the membranes were blocked with either 5% dried skim milk or 5% BSA (for ␤-tubulin antibody) and probed with anti-Ucp1 (sc-6528 1:300; Santa Cruz Biotechnology, Dallas, TX) or anti-␤-tubulin (no. 2128, 1:4,000; Cell Signaling Technology, Danvers, MA).
Histology and immunohistochemistry. Paraffin sections of epididymal and inguinal adipose tissue from nonfasted male sg/sg and WT mice were prepared and histologically stained with standard hematoxylin and eosin staining protocols. Ucp1 staining of inguinal and brown adipose tissue is as according to Whittle and Vidal-Puig (41).
Sections were examined and imaged using an Olympus BX-51 microscope equipped with Plan Apo ϫ20 (numerical aperture: 0.75) objective DP-71 12 Mp digital camera and DP controller imaging software (Olympus Imaging Systems). In all cases, quantification of images was analyzed, and images were cropped for presentation using ImageJ 1.48a software (National Institutes of Health).
MRI and DEXA scans. Nonfasted male sg/sg and WT mice (16 -20 wk of age) were euthanized and measured for lean mass and fat mass by DEXA using a PIXImus Densitometer (GE Lunar, Madison, WI), as described previously (n ϭ 6 pairs) (10) .
MRI scans were performed on a Bruker (Ettlingen, Germany) 7 T ClinScan spectrometer running Siemens Numaris/4 MR B17. The mice were imaged in an 86-mm id volume 1H coil. A 3D gradient echo sequence, fl3d_dixon, was used with the following parameters: repetition time ϭ 12 ms, echo time ϭ 1.07 ms, pulse angle ϭ 4 and 21°, field of view ϭ 105 ϫ 39 ϫ 28 mm, acquisition matrix ϭ 416 ϫ 156 ϫ 112, slice partial fourier ϭ 6/8, number of averages ϭ 6, and total acquisition time ϭ 33 min. Selected figures are shown from the images acquired with the pulse angle ϭ 21°.
Primary brown adipocyte culture and oxygen consumption rate measurement. Three pairs of WT and sg/sg mice were euthanized by CO 2 asphyxiation. Pooled stromal vascular fraction cells were isolated and cultured according to Cannon and Nedergaard (3) . Seahorse XFe96 microplates were seeded at 32,000 cells/cm 2 and differentiated after 2 days in 10% newborn calf serum low-glucose DMEM (Gibco) with 125 M indomethacin 5 M dexamethasone, 0.5 M rosiglitazone, 1 nM triiodothyronine (T3), and 20 nM insulin for 2 days and then in 10% newborn calf serum low-glucose DMEM with 1 nM T 3 and 20 nM insulin for 6 days. Prior to the experiment, differentiated brown adipocytes were equilibrated for 1 h at 37°C in assay medium with 5 mM glucose, 2 mM glutamine, and 2 mM pyruvate, pH 7.4. Oxygen consumption rate (OCR) was measured with Seahorse Bioscience XFe96 analyzer. Basal was measured at the fourth cycle of 3-min standard measurement cycles. Mito stress assay was performed with 3 M oligomycin and 1 M each rotenone, antimycin treatments over 3 and 4 cycles respectively. Experiment was repeated each with three replicate wells. Results were analyzed using manufacturer's software.
Infrared thermography, rectal temperature, and cold challenge. Mice were anesthetized and shaved dorsally from the neck to the base of the shoulder blades. The following day, WT and sg/sg mice were placed at 10°C for 3 h. Mice were housed individually in foodfree cages with wood chip bedding material and ab libitum access to water for the duration of the cold challenge. Mice were weighed and dorsal thermal images obtained immediately before and after cold exposure to measure surface temperature. Rectal temperature was measured with a rectal thermometer probe (Physitemp, Clifton, NJ). Mice were then euthanized and dissected, as described above. Thermographic images were collected using an InfRec Themo Gear G120 Thermal Camera (NEC Avio Infrared Technologies). Images were analyzed using InfRec Analyzer and ImageJ 1.48a software.
Statistical analysis. Results were analyzed by either unpaired Student's t-test, one-way ANOVA, or two-way ANOVA using Graphpad Prism 6 software. Ninety-six-well gene expression array and TaqMan low-density arrays were analyzed using Statminer version 4.1 software with Genorm normalization. Significant changes were identified by LIMMA package. These analyses have been described previously (40) . Fig. 1A, i and ii) . Therefore, we further measured the diameter of adipocytes in inguinal subcutaneous white adipose tissue sections from WT and sg/sg mice (Fig. 1B, i) . The adipocytes in sg/sg mice were significantly smaller, and the range in size was reduced in the sg/sg mice relative to the WT littermate mice. Similarly, the adipocytes from epididymal visceral white adipose were significantly smaller (Fig. 1B, ii) , as demonstrated previously (18) .
RESULTS
DEXA and MRI
Using PIXImus DEXA, we quantified body composition in 16-to 20-wk-old male WT and sg/sg mice. The analysis demonstrated that total body weight and total fat mass were significantly reduced in sg/sg mice when compared with WT mice (Fig. 1C, i and ii) . Further analysis showed that the percent fat mass (adjusted for body weight) and the fat tissue/ lean tissue ratio were both significantly reduced (see Fig. 1C , iv and v). This confirmed that sg/sg mice displayed a significant net decrease in adiposity (adjusted for body weight). This is consistent with our previous finding that fat pad weight/depots in sg/sg mice (18) were significantly decreased relative to WT littermates. DEXA analysis also identified a small increase in lean tissue adjusted for body weight (see Fig. 1C , vi) and decreased bone mineral density in sg/sg mice (8.8% decrease, P Ͻ 0.05) compared with WT mice, as has been reported by Meyer et al. (24) .
In summary, MRI and DEXA rigorously validate decreased adiposity in sg/sg mice. Moreover, our previous studies have indicated that this is associated with 1) an increase in O 2 consumption as measured by indirect calorimetry (17) and 2) resistance to diet-induced obesity and hepatic steatosis (18) . 
18S, eukaryotic 18S rRNA; Act␤, actin, ␤; Adig, adipogenin; Adipoq, adiponectin, C1Q and collagen domain containing; Agt, angiotensinogen (serpin peptidase inhibitor, clade A, member 8); Angpt2, angiopoietin 2; B2m, ␤2 microglobulin; BMP7, bone morphogenetic protein 7; Cfd, complement factor D (adipsin); Creb1, cAMP-responsive element-binding protein 1; Dio2, deiodinase, iodothyronine, type II; Ehmt1, euchromatic histone methyltransferase 1; Foxc2, forkhead box C2; Gusb, glucuronidase, ␤; Hes1, hairy and enhancer of split 1 (Drosophila); Hprt, hypoxanthine-guanine phosphoribosyltransferase; Insr, insulin receptor; Ipo8, importin 8; Irs1 and -2, insulin receptor substrate 1 and 2, respectively; Lep, leptin; Lipe, lipase, hormone sensitive; Mapk14, mitogen-activated protein kinase 14; Ncoa2, nuclear receptor coactivator 2; Nr1h3, nuclear receptor subfamily 1, group H, member 3; Nrf1, nuclear respiratory factor 1; Pgk1, phosphoglycerate kinase 1; Polr2a, polymerase (RNA) II (DNA directed) polypeptide A; Mfn1 and -2, mitofusin 1 and 2, respectively; Ndufb8, NADH dehydrogenase (ubiquinone)-1␤ subcomplex 8; Ppar␣ and -␦, peroxisome proliferator-activated receptor-␣ and -␦, respectively; Pgc-1␣ and -␤, Ppar␥ coactivator-1␣ and -␤, respectively; Ppia, peptidylprolyl isomerase A; Prdm16, PR domain containing 16; Rb1, retinoblastoma 1; Retn, resistin; Rplp2, ribosomal protein, large P2; Sirt3, sirtuin 3 (silent mating type information regulation 2, homolog) 3 (S. cerevisiae); Src, Rous sarcoma oncogene; Sfrp1 and -5, secreted frizzled-related protein 1 and 5, respectively; Tfam, mitochondrial transcription factor A; Tle3, transducinlike enhancer of split 3, homolog of Drosophila E(spl); Twist1, twist homolog 1 (Drosophila); Ubc, ubiquitin C; Ucp1, uncoupling protein 1; Uqcrc2, ubiquinol-cytochrome c reductase core protein 2; Wnt5a and 10b, winglessrelated MMTV integration site 5A and 10b, respectively; Acsl1, acyl-CoA synthetase Atp5a1, ATP synthase, Hϩ transporting, mitochondrial F1 complex, ␣ subunit, isoform 1. Acot11 GATCATGGCTTGGATGGAGAA and GGCCTCGGAAATGGAACAT Cidea CAAACCATGACCGAAGTAGCC and AACCAGGCCAGTTGTGATGAC Cpt1␤
ATCATGTATCGCCGCAAACT and CCATCTGGTAGGAGCACATGG Acot11, acyl-CoA thioesterase 11; Cidea, cell death-inducing DNA fragmentation factor ␣-subunit-like effector A; Cpt1␤, carnitine palmitoyltransferase-1␤
Ror␣ deficiency is associated with increased Ucp1 expression in subcutaneous white adipose and brown adipose tissue from sg/sg mice. Resistance to diet-induced obesity has been reported to involve adaptive thermogenesis in adipose tissue from many different mouse models. Therefore, we investigated whether thermogenic activation in different adipose depots plays a role in the Ror␣-deficient lean phenotype.
Ucp1 is the central gene/protein that is preferentially expressed in brown adipose tissue, inducing mitochondrial energy uncoupling and thermogenesis. We investigated the expression of the mRNA encoding UCP1 in epididymal (visceral white adipose), inguinal (subcutaneous white adipose), and interscapular (brown adipose) tissues from mice fed a normal chow diet. qPCR analysis revealed that the mRNA encoding C: dual-energy X-ray absorptiometry analysis of nonfasted 16-to 22-wk-old male WT and sg/sg mice (n ϭ 6 pairs, Student's t-test; *P Ͻ 0.05, **P Ͻ 0.01).
Ucp1 in 14-wk-old male sg/sg mice was significantly increased fivefold in inguinal (subcutaneous) white adipose relative to WT littermate pairs on a chow diet ( Fig. 2A) . In contrast, Ucp1 expression in epididymal (visceral) white adipose from sg/sg mice was not significantly increased. Ucp1 expression in interscapular brown adipose tissues from sg/sg mice was significantly increased twofold relative to WT littermate pairs on a chow diet (Fig. 2A) . The inguinal subcutaneous white adipose and the interscapular brown adipose tissues displayed Ͼ30-and Ͼ1,500-fold greater Ucp1 mRNA expression, respectively, relative to Ucp1 mRNA expression in epididymal white adipose tissue in the sg/sg mice.
Subsequently, we determined whether the changes in the Ucp1 mRNA expression correlated with changes in UCP1 protein expression in the inguinal subcutaneous and interscapular brown fat pads by immunoblot analysis. We observed that UCP1 protein levels in sg/sg mice were increased approximately three-and twofold over their WT littermates in inguinal and interscapular brown adipose tissue, respectively, after normalizing against ␤-tubulin protein (Fig. 2 , B and C). As with mRNA expression, variation is observed between different littermate pairs. Similar to the differences in Ucp1 mRNA expression between inguinal and brown adipose tissue, (Fig.  2A) , the level of UCP1 protein expressed in the inguinal fat pad was lower than the level found in the brown adipose tissue control (Fig. 2B) .
We next examined how the (Ucp1-positive) white subcutaneous adipose is distributed in the inguinal tissue in sg/sg mice by immunohistochemistry. Paraffin sections of the inguinal fat pad were prepared and incubated with either anti-UCP1 antibody or normal goat IgG. UCP1-positive stained adipocytes displayed multilocular lipid droplets in sg/sg mice (Fig. 2D) sion and induction/activation of Ucp1 (and adaptive thermogenesis) in white adipose is associated with brown adipocyte induction (browning) in white adipose. This process is influenced by the expression of several nuclear hormone receptors and other regulatory factors. These include the nuclear hormone receptors peroxisome proliferator-activated receptor-␣ (Ppar␣) and estrogen-related receptor-␣ (Err␣). Ppar␣ directly activates Ucp1 gene expression and the thermogenic genes involved in fatty acid oxidation in white and brown adipose tissues. Err␣ and Ppar␥ coactivator-1 (PGC-1) are necessary for adaptive thermogenesis and regulate Ucp1 and cell deathinducing DNA fragmentation factor ␣-subunit-like effector A (Cidea) (14, 28, 38) . Type II iodothyronine deiodinase (Dio2) is the prohormone that coverts thyroxine to T 3 and is necessary for the thermogenic response in adipose tissue (8) . Consequently, we investigated the expression of the mRNAs encoding Ppar␣ and Err␣ in epididymal (visceral white adipose), inguinal (subcutaneous white adipose), and interscapular (brown adipose) tissues from mice fed a normal chow diet. qPCR analysis revealed that the mRNA encoding Ppar␣ in 14-wk-old male sg/sg mice was significantly increased approximately twofold in inguinal (subcutaneous) white adipose relative to WT littermate pairs on a chow diet (Fig. 3A, i) . In contrast, Ppar␣ expression in epididymal (visceral) white adipose and interscapular brown adipose tissues from sg/sg mice was not significantly increased relative to WT littermates. The inguinal subcutaneous white adipose displayed a greater than fourfold increase in Ppar␣ mRNA expression relative to Ppar␣ mRNA expression in epididymal white adipose tissue from chow-fed sg/sg mice (Fig. 3A, i) . The mRNA encoding Err␣ in 14-wk-old male sg/sg mice was significantly increased ϳ1.5-fold in inguinal (subcutaneous) white and brown adipose relative to WT littermate pairs on a chow diet (Fig. 3A, ii) . These changes occur in a background of similar Ror␣ expression in epididymal and inguinal white adipose tissue and interscapular brown adipose tissue in WT mice (data not shown).
Subsequently, we investigated the expression of genes in subcutaneous inguinal white adipose tissue that are customarily induced in thermogenesis and also during adipogenesis. Ror␣ deficiency in adipocytes has been implicated in the regulation of adipogenesis. This involves profiling the expression of 33 critical thermogenic and adipogenic genes (including Ppar␣) in inguinal subcutaneous white adipose tissue from sg/sg and WT littermate pairs by qPCR on an array (TaqMan 96 well array) platform (and by manual qPCR). The results were analyzed using Statminer software with Benjamini-Hochberg false detection rate algorithm. We identified the statistically significant induction in sg/sg mice (relative to WT littermates) of several genes involved in thermogenesis and fatty acid synthesis. First, we observed significantly increased expression of 1) the nuclear receptor Ppar␣, which is involved in upregulation of Ucp1 gene expression, and the gene(s) involved in fatty acid oxidation (and revalidated on a different platform), 2) Ucp1 (revalidated on a different platform), and 3) Dio2, which is necessary for the full thermogenic response of brown adipose [ Fig. 3B (and summarized in Fig. 3C)] . Furthermore, we utilized manual PCR and observed significant increases in the mRNAs encoding acyl-CoA thioesterase 11 (Acot11), carnitine palmitoyltransferase-1␤ (Cpt1␤) and cell death-inducing DFFA-like effector (Cidea) but not carnitine palmitoyltransferase 1A (Cpt1␣) (Fig. 3D) . Acot11 is enriched in brown adipose and increased during thermogenesis; Cpt1␤ is involved in mitochondrial transportation of acyl-CoA during fatty acid oxidation, and Cidea is increased during thermogenesis and associated with beige/brite-and brown adipose-dependent thermogenesis as well as regulation of lipid droplet size [ Fig. 3D (and summarized in Fig. 3C) ].
Further analysis of the PCR array also showed the differential expression of several genes involved in adipogenesis [ Fig.  3B (and summarized in Fig. 3C) ]. We observed a decrease in the expression of the mRNA encoding the inhibitor of adipogenesis, hairy and enhancer of split 1. These changes are associated with the promotion of brown and white adipose differentiation. Second, we also observed a significant reduction of leptin and secreted frizzled-related protein 5 (SFRP5) mRNAs in inguinal adipose of sg/sg mice. This is consistent with the lean phenotype and reduced adiposity of sg/sg mice.
Recently, Pgc-1␣, Pgc-1␤, and Prdm16 were identified as important regulators of beige and brown adipogenesis (16a, 19a, 20a, 34a, 34b, 34c, 34d) . However, we did not observe any significant changes in the expression of these genes in inguinal adipose of sg/sg mice relative to WT mice (Fig. 3B) . We further analyzed gene expression of Pgc-1␣ RNA variants that have been identified recently, and we report here that only Pgc-1␣4 was increased in subcutaneous inguinal white adipose of sg/sg mice (Fig. 3E) . Interestingly, we examined the expression of the two very recently described genes Ehmt1 and Tle3 {transducin-like enhancer of split 3 [E(sp1) homolog, Drosophila]}, which stabilize and counter Prdm16 activity, respectively. Rodents lacking Ehmt1 and Tle3 displayed a marked reduction in adaptive thermogenesis (and insulin resistance) and increased thermogenesis in inguinal adipose, respectively (29, 36) . However, we did not observe changes in Ehmt1 and Tle3 mRNA expression in inguinal fat tissue from chow-fed sg/sg mice (Fig. 3D) .
We further examined whether the sg/sg mutation affected mitochondrial gene expression. qPCR with TaqMan primers showed a significant increase in succinate dehydrogenase complex subunit B iron sulfur in inguinal adipose of sg/sg mice (Fig.  3F) . In this context, increases in mitochondrial gene expression have been reported in adipose tissue derived from SFRP5-deficient mice, which were resistant to obesity (26) .
In summary, we observed 1) the significantly induced expression of several important genes involved in thermogenesis (and beige/brite and brown adipose markers), for example Ppar␣, Err␣, Ucp1, Cidea, Dio2, Cpt1␤, etc., and 2) the differential expression of several genes involved in adipogenesis in the subcutaneous white adipose from sg/sg mice relative to WT littermates.
Thermogenic gene expression and the Prdm16 coregulator Ehmt1 are induced in subcutaneous white adipose from sg/sg mice on high-fat diet. Because sg/sg mice are resistant to high-fat diet induced obesity, we examined whether the changes in Ppar␣, Err␣, and Ucp1 gene expression and the downstream thermogenic genes were also observable in subcutaneous white adipose from high-fat-fed sg/sg mice. Moreover, we evaluated whether there were discernible differences between the thermogenic programs in adipose depots from chow vs. high-fat-fed mice.
We investigated Ucp1 gene expression in epididymal, inguinal, and brown adipose in sg/sg mice compared with WT littermate mice after 10 wk of a high-fat diet regime. We again observed that Ucp1 mRNA expression was significantly in-creased in subcutaneous inguinal white and interscapular brown adipose tissues from high-fat diet-treated sg/sg mice (Fig. 4A) . For example, Ucp1 mRNA was significantly induced ϳ10-fold in subcutaneous adipose in the high-fat diet-treated sg/sg Ror␣-deficient mice. Similarly, when Ppar␣ mRNA expression was analyzed in an identical manner, the data revealed a selective and significant induction of Ppar␣ in subcutaneous inguinal white adipose but not in visceral epididymal white adipose or interscapular brown adipose tissue from high-fat diet-raised WT and sg/sg mice (Fig. 4B) analysis of Err␣ expression demonstrated significant induction of Err␣ mRNA in subcutaneous inguinal white and interscapular brown adipose tissues from high-fat diet treated sg/sg mice (Fig. 4C) . Further qPCR analysis revealed significant differential expression of the mRNAs encoding Acot11, Cidea, leptin, and SFRP5 from high-fat diet-treated sg/sg relative to WT littermate mice (Fig. 4C) . Although no change in Ehmt1 expression was detected in inguinal adipose (from chow-fed sg/sg mice), we detected very significantly increased expression of the mRNA encoding Ehmt1, the enzymic positive coregulator (that stabilizes Prdm16 expression) in subcutaneous adipose from high-fat diet-treated sg/sg relative to WT littermate mice (Fig. 4, D and E) . We did not observe differential expression of the mRNA encoding Tle3 mRNA in inguinal tissue from high-fat diet-treated sg/sg relative to WT littermate mice (Fig. 4D ). These observations are consistent with the selective activation of the thermogenic program (and beiging) in subcutaneous white adipose tissue in sg/sg and the lean phenotype in the Ror␣-deficient mice. Furthermore, we simultaneously analyzed RNA from epididymal and inguinal adipose depots from WT and sg/sg mice on chow and high-fat diets for the expression of Ppar␣, Ucp1, Cpt1␤, Dio2, Ehmt1, and Err␣. This PCR experiment was performed using RNA samples as described above but was repeated with all cDNA samples prepared simultaneously to allow direct comparison of differences between the two adipose depots for both normal and high-fat diet-fed sg/sg and WT mice.
In this context, the expression of Ppar␣, Ucp1, Dio2, and Err␣ (data not shown) was significantly induced in inguinal adipose (relative to epididymal tissue) on the chow diet, as reported above. However, even the high-fat diet does not significantly impact the thermogenic genetic program in epididymal adipose tissue from either sg/sg or WT littermate mice (data not shown). However, Fig. 5, A and B , demonstrates that the high-fat diet induced the expression of Cpt1␤ and the mediator of Prdm16 action, Ehmt1. Moreover, the high-fat diet highlights the striking and selective induction of thermogenic genes (Ppar␣, Err␣, Ucp1, Cpt1␤, and Ehmt1) in subcutaneous inguinal adipose tissue from sg/sg mice relative to WT littermates. Increased Ucp1 expression in brown adipose from ror␣-deficient sg/sg mice. We observed that Ucp1 gene expression is higher in interscapular brown adipose tissue from sg/sg mice (relative to WT mice) on chow and high-fat diets ( Figs. 2A and  4A ). We further investigated whether this observation could be extended to other genes associated with the thermogenic program. Both Acot11 and Cpt1␤ were also significantly increased in sg/sg mice compared with WT mice (Fig. 6A) . Interestingly, Cidea and Ppar␣ gene expression remained unchanged in brown adipose of sg/sg mice. Western blot analysis also showed a trend for UCP1 protein level to increase twofold (P ϭ 0.0679; Fig. 2C) . UCP1 immunohistochemistry staining clearly demonstrated more intense staining in brown adipocytes of sg/sg mice compared with WT mice (Fig. 6B) .
Interestingly, the amount of lipid droplet accumulation also appeared to be reduced. This analysis demonstrates that the lean phenotype in the sg/sg Ror␣-deficient mice also involves increased Ucp1 expression in brown adipose and the marked induction of Ucp1 expression (and the associated thermogenic genes) in subcutaneous inguinal adipose.
Brown adipocytes from Ror␣-deficient sg/sg mice display an increased basal metabolic rate. We ascertained whether induction of Ucp1 and thermogenic gene expression in brown adipose in Ror␣-deficient mice is reflected in increased metabolic activity in brown adipocytes. Using a XFe96 Seahorse Bioscience analyzer, the OCR was measured in brown adipocytes differentiated from stromal vascular fraction primary cells that were isolated from interscapular brown adipose of 4-wk-old WT and sg/sg mice. Brown adipocytes of sg/sg mice showed a significant increase in basal oxygen consumption compared with WT mice (Fig. 7A) . Furthermore, we determined the OCR that was attributable to uncoupling activity in brown adipocytes from WT and sg/sg mice. The difference in OCR between the inhibition of mitochondrial ATP production by treatment with the ATP synthase inhibitor oligomycin and complete inhibition of mitochondrial electron transport with rotenone and antimycin (with only nonmitochondrial respiration remaining) is consistent with the contribution from proton leakage (Fig. 7B) . Significantly, brown adipocytes from sg/sg mice showed a twofold increase in proton leak compared with brown adipocytes from WT mice. In summary, these data demonstrate that increased expression of Ucp1 and thermogenic gene expression in brown adipose from sg/sg mice is concordantly associated with an increased oxygen consumption/metabolic rate and suggest increased uncoupling/proton leakage. Ror␣-deficient sg/sg mice display improved cold tolerance. The increased brown adipose thermogenic gene expression and activity are probably associated with increased thermal control and improved cold tolerance. Therefore, we examined the effect of a mild cold challenge (10°C/3 h) on WT and sg/sg littermate pairs. First, we observed that the expression of the mRNA encoding Ucp1 was significantly induced in the interscapular brown adipose (on the chow diet) in the sg/sg relative to WT littermates after the cold challenge (Fig. 8A) . Interestingly, the sg/sg mice displayed improved cold tolerance and maintained greater thermal control of core body temperature (measured by rectal probe; Fig. 8C ) in the background of no difference in the change in body weight (Fig. 8B) . In comparison, the WT mice did not maintain and protect their core body temperature as well as the sg/sg line. Subsequently, we utilized an infrared camera to conduct thermography and measure the temperature and heat signature (on the skin) in the vicinity of A: qPCR analysis of Ucp1 mRNA expression after cold challenge in epididymal, inguinal, and interscapular fat tissues (n ϭ 4 littermate pairs, 2-way ANOVA with Bonferroni's posthoc test applied). B: measurement of the change in body weight after cold challenge in WT and sg/sg mice (n ϭ 6 -7 littermate pairs). C: measurement of the change in rectal temperature after cold challenge in WT and sg/sg mice (n ϭ 6 -7 littermate pairs, Student's t-test). D: difference in the average temperature on skin measured at the interscapular vicinity of WT and SG littermate pairs. Data are represented as the difference in the average temperature measured after 3 h at 10°C compared with the baseline temperature measured prior to commencement of cold challenge at 22°C (n ϭ 4 littermate pairs, Student's t-test). E: representative images of temperatures and heat signature detected by infrared camera at 22°C and after 3 h 10°C in WT and sg/sg mice. F: comparison of area of captured heat signature in WT and sg/sg mice. A region of interest was traced around the intersection between the yellow and red regions in each heat signature corresponding to the interscapular vicinity of each mouse (demarcated by the letter A; see all 4 images in E). Area of each region was calculated and normalized to body weight of each mouse before analysis was performed (n ϭ 4 littermate pairs; 2-way ANOVA with Bonferroni's post hoc test applied). *P Ͻ 0.05; **P Ͻ 0.01. the interscapular tissue in sg/sg and WT mice. We observed that the sg/sg mice maintained their temperature after the short 10°C cold challenge, in contrast to the WT littermates that displayed a decrease (ϳ0.75°C; Fig. 8D ). Furthermore, the sg/sg mice displayed a significant increase in the area of the heat signature surrounding the brown adipose tissue (Fig. 8, E  and F) . In summary, this suggested that sg/sg mice (relative to WT mice) display greater thermal control and cold tolerance.
DISCUSSION
Ror␣ is expressed and functions in various organs such as brain, bone, lung, liver, skeletal muscle, and immune cells (16) . Ror␣ deficiency in sg/sg mice produces a lean, insulin sensitive/glucose tolerant, and obesity-resistant phenotype (18) that is further studied herein. Whole animal analyses using DEXA and MRI scans revealed that sg/sg mice have reduced adiposity and a decreased fat/lean mass tissue ratio. The results were in agreement with our previous finding of reduced fat pad weight and adipocyte size in sg/sg mice (18) .
Upon investigating thermogenic control in the Ror␣-deficient phenotype, we found that Ucp1 gene and protein expression are selectively increased in the brown adipose and subcutaneous inguinal adipose compartments but not in visceral epididymal adipose tissue in the sg/sg mice fed on normal chow and high-fat diet. In subcutaneous inguinal adipose, individual beige/brite adipocytes were observed to intersperse among white adipocytes of sg/sg mice, and increased expression of Ucp1 in interscapular brown adipose tissue was accompanied by more intense Ucp1 staining and smaller lipid droplets compared with WT mice. This was associated and consistent with elevated oxygen consumption and greater uncoupling/ proton leakage in primary brown adipocytes from sg/sg mice. Accordingly, the sg/sg phenotype is characterized by increased Ucp1 expression and greater thermal control of core body temperature in the face of a cold challenge. Moreover, thermography revealed a significantly enhanced heat signature surrounding the brown adipose tissue after cold challenge in sg/sg mice compared with WT controls.
The increased thermogenic gene expression in the subcutaneous white adipose and brown adipose tissue, elevated metabolic rate/oxygen consumption (and proton leakage), and greater thermal control are consistent with the higher V O 2 (at 22°C, adjusted for body weight) in sg/sg (17) mice and with findings at 22 and 28°C (2) . Important to note is that the latter study used 7-wk-old mice with dramatic differences in weight (17.9 vs. 8.4 g at 22°C and 15.4 vs. 9.6 g at 28°C). It should also be noted that normalization of metabolic rate per kilogram of body weight can overestimate adjusted oxygen consumption in smaller/lighter rodents. However, our 2011 study used 15-wk-old mice at 22°C with ϳ10% difference in weight, i.e., 30 vs. 27.5 g (17) . In the current study (at 22°C), the differences in weight between the sg/sg and WT mice were Ͻ15%, aged between 14 and 20 wk, and bred in an enriched environment with Envirodry nesting material. In summary, we do not believe the increased metabolic rate measurements are adversely influenced by decreased body weight in our studies. Rather, they are a true reflection of hyper metabolism in the Ror␣-deficient mice.
Interestingly, the sg/sg mice display increased thermal control and cold tolerance despite decreased fat mass (providing less insulation) and increased surface area/volume ratio (associated with higher heat dissipation). The regulation of thermal homeostasis in response to these factors may contribute to the acquisition of the beige/brite adipose phenotype and increased thermogenic activity in brown adipose.
Bertin et al. (2) identified increased levels of norepinephrine in brown adipose from sg/sg mice despite a blunted (oxygen consumption) response to (ip) adrenergic stimulation by norepinephrine (at 22°C). However, WT and sg/sg displayed a similar response to administration of norepinephrine (at 28°C). In contrast, we have noted comparable increases in O 2 consumption (at 22°C) in WT and sg/sg mice after ip injection of the ␤ 3 -AR specific agonist C-316243 (at 0.1 mg/kg) (data not shown). We believe better size-weight matching between sg/sg and WT mice in our hands may explain these different findings that suggest that attenuation of sympathetic tone and signaling is not associated with the sg/sg phenotype. The increased thermogenic activity in sg/sg mice suggests that Ror␣ deficiency results in cell-autonomous effects that are not driven by the central nervous system.
Ucp1 expression is associated with the induction of other genes critical for the thermogenic genetic program. These include the nuclear hormone receptors Ppar␣ and Err␣, Cidea (associated with brown adipose-dependent thermogenesis, regulation of lipid droplet size, energy expenditure, and metabolic rate), Dio2 (a prohormone that coverts thyroxine to T 3 and is necessary for the thermogenic response in adipose tissue), Pgc-1␣ (a critical coregulator of Ppar action/function), and Acot11 (enriched in brown adipose and increased during thermogenesis; Ppar␣ directly activates Ucp1 gene expression, and Err␣ is necessary for adaptive thermogenesis). In this context, we observed very significant increases in the expression of genes associated with thermogenic activity, for example, Ppar␣, Err␣, Ucp1, Cidea, Dio2, Cpt1␤, and Acot11 in subcutaneous adipose from chow-and high-fat-fed sg/sg mice relative to WT littermates. This is indicative of the beige/brite (i.e., browning) transition associated with the activation of the thermogenic program in white adipose. This is entirely concordant with the lean phenotype of these Ror␣-deficient mice. For example, Dio2-knockout mice are susceptible to dietinduced obesity, glucose intolerance, and hepatic steatosis (4) . Moreover, Dio2 expression is necessary for adaptive thermogenesis (5, 8) . The sg/sg mice significantly overexpress Dio2 in subcutaneous adipose and are lean, insulin sensitive, glucose tolerant, and resistant to diet-induced obesity and hepatic steatosis. The literature with respect to Cidea is less conclusive. Cidea-deficient mice are resistant to steatosis and diet-induced obesity (43, 44) , whereas in humans, decreased Cidea gene expression is associated with adiposity and high insulin and inversely associated with Ucp1 expression and metabolic rate (13) . However, it is clear that both rodent and human studies implicate this gene in the regulation of metabolic rate and energy expenditure. In sg/sg mice, the lean phenotype was associated with increased Ucp1 and Cidea mRNA expression. Finally, Adams et al. (1) demonstrated that Bfit/Acot11 is induced by cold, and higher gene expression is observed in obesity-resistant strains. However, Acot11 knockout protects against obesity and promotes energy expenditure (42) . This study suggested that Acot11 decreases energy expenditure and conserves energy. The results of our study showing that obesity-resistant sg/sg mice express increased levels of Acot11 are in agreement with Adam et al. (1) . Overexpression of Acot11 in a lean background may be involved in controlling energy expenditure.
The absence of Pgc-1␣, Pgc-1␤, and Prdm16 induction is intriguing and suggests an alternative method for beige fat activation in sg/sg mice. Importantly, we identified Err␣ gene expression as being increased in brown adipose tissue in sg/sg mice. In vitro models showed that Err␣ plays a role in regulating Ucp1 gene expression and is necessary for adaptive thermogenesis (9, 25, 38) . However, we also identified the significant induction of the positive coregulator histone-lysinemethyltransferase enzyme Ehmt1 (a regulator of brown cell fate and adaptive thermogenesis) in subcutaneous adipose. Increased expression of this gene is entirely consistent with the induction of thermogenic gene expression and the presence of the beige/brite cells in the sg/sg mice. Ehmt1 activity stabilizes/positively coregulates the Prdm16 complex to control brown cell fate and adaptive thermogenesis (29) .
Overall, our results suggest that the reduced adiposity in Ror␣ deficiency may be in part attributed to beiging and the induction of the thermogenic gene program in subcutaneous white adipose tissue coupled to the selective and increased Ucp1 gene expression in subcutaneous and brown adipose. This is accompanied by increases in genes involved in fatty acid oxidation. Although beige fat is present in the white adipose in sg/sg mice, it is not yet clear whether subcutaneous beige adipose plays a more substantial role in sg/sg mice when ambient temperature is further reduced. Additionally, Cohen et al. (6) reported recently that the beige/brite adipocyte function in subcutaneous adipose is significantly suppressed by adipocyte-specific deletion of Prdm16. This leads to diet-induced obesity, insulin resistance, and liver triglyceride accumulation. Our study suggests that the induction of Ehmt1 in subcutaneous adipose from sg/sg mice, coupled with the selective activation of the thermogenic program and Ucp1 expression in this tissue, is concordant with the lean phenotype and resistance to diet-induced obesity and hepatic steatosis in this line of mice. Furthermore, we suggest that the beiging of the subcutaneous adipose is operating in concert with increased Ucp1 expression in brown adipose. Rigorous Chip-Seq studies are now required to fully explore and understand the complex molecular cascade of events driving these events.
